The regression rate enhancement of hydroxyl-terminated-polybutadiene (HTPB) gaseous oxygen (GOX) hybrid rocket motors was investigated experimentally in a ground testing system. The effects of the addition of nano-sized aluminum (Al) or alloyed aluminum-magnesium (Al-Mg) powder to the fuel composition, mass flux of oxygen, and the oxidizer-fuel ratio on the fuel regression rate are presented. The experiments show that multiple-start and shutdown can be realized using gaseous oxygen/RP-1 pre-mixed torch designed in the present study. The fuel surface remained hot enough during the shutdown interval to reestablish combustion if the time of motor shutdown is less than 2 s. The deduced spatially averaged instantaneous regression rate and spatially and time-averaged regression rate fit well in the trend with time. The former way to calculate the regression rate can more precisely describe the fuel combustion process. As the oxidizer-fuel ratio increased during the test, the hybrid rocket motors didn't work at the optimal oxidizer-fuel ratio, which can induce a loss of specific impulse. The addition of alloyed Al-Mg or nano-sized Al to the HTPB fuel can enhance the regression rate. The effect due to the latter is the most significant.
D t : throat diameter of nozzle p c : pressure in the aft mixing chamber at the nozzle entrance q ox : mass flow rate of gaseous oxygen q f : mass flow rate of fuel c Ã : experimental characteristic velocities c
Introduction
Hybrid rocket propulsion systems (using solid fuels and liquid oxidizers) have many advantages over current solid propellant and liquid bipropellant systems, especially considering the recent growing emphasis on low development cost, on-off operational capability, improved safety and reliability, minimal environmental impact, and greater controllability of rocket motors. 1) Hybrid rocket motors can be throttled for thrust modulation, perform in-flight motor shutdown and restart.
2) Additionally, because the fuel is stored in the form of a solid grain, hybrid rocket propulsion systems require only half the feed system hardware of liquid bipropellant systems, providing a simpler, more flexible design with potentially improved reliability.
3) The commonly used butadiene-based fuels are nontoxic, benign, and not hazardous to store and transport, unlike volatile liquid fuels such as hydrogen. Solid fuel grains are not highly susceptible to cracks, imperfections and environmental temperature, as are solid propellant grains, and are, therefore, safer to manufacture, store, transport, and launch. Because of these safety and operational advantages, hybrid rocket motors could display lower manufacturing and launch costs than current propulsion systems. 4) Despite these benefits, hybrid rocket motors have not yet found widespread use for either military or commercial applications, possibly because they undergo slow solid fuel regression rates, low volumetric loading, and relatively poor combustion efficiency.
2) Several recent efforts have focused on various methods to increase the fuel regression rate and obtain more desirable overall performance. [4] [5] [6] [7] [8] [9] [10] [11] [12] Strand suggested the inclusion of particulate propellant ingredients in solid fuel as an approach to enhance solid fuel regression rate. 13) Korting et al. conducted an experimental study with polymethyl-methacrylate (PMMA) and polyethylene as fuel, and oxygen and oxygen-nitrogen mixtures as oxidizers. 14) One of their important observations was that a rearward facing step could have a noticeable effect on hybrid combustion behavior. The experimental study of a hydroxyl-terminated-polybutadiene gaseous oxygen (HTPB/ Ó 2012 The Japan Society for Aeronautical and Space Sciences GOX) hybrid motor conducted by Lewin showed that fuel grains of shorter length have a higher regression rate than those of longer length. 15) Considering the above mentioned literature, the present study, with the primary goal of finding methods of regression rate enhancement, reports the results of a systematic experimental investigation conducted under different conditions. A HTPB/GOX propellant combination was adopted for this study as it is of current interest in large booster applications. The effects of the addition of nano-sized aluminum or alloyed Al-Mg powder to the fuel composition, mass flux of oxygen, and the oxidizer-fuel ratio on fuel regression rate are presented. Figure 1 shows a schematic diagram of the overall hybrid test equipment, including a GOX supply system, an experimental hybrid rocket motor, and an ignition system.
Experimental Procedure

Oxygen feed system
The oxygen feed system is schematically represented in Fig. 1 . This system mainly consisted of a GOX feed line, an ignition line, an RP-1 pressurization line, and a purge line. The GOX feed line was used to supply gaseous oxygen for the hybrid rocket motor and ignition system. Remotely operated ball valves were used to initiate and terminate the flow of gaseous oxygen, while a critical flow orifice was used to maintain a steady mass flow of GOX through the main line.
16) The GOX mass flow rate was measured using an orifice for the small hybrid combustor with a small oxygen mass flow rate or using a turbine volume flow meter for the hybrid rocket motor with a large oxygen mass flow rate. For a given test, the mass flow rate was preset by adjusting the throat area of the orifice and the regulator setting of the GOX feed line. Filters in the GOX, RP-1, and nitrogen feed line were employed to prevent any contamination of the system. Gaseous nitrogen was used to purge and extinguish the experimental hybrid rocket motor after each test.
Experimental hybrid rocket motor
A computer code was developed to assist in designing the experimental hybrid rocket motor. The code utilized a timedependent continuity equation coupled with a chemical equilibrium code to confirm the solid fuel regression rate, oxidizer-fuel mass ratio, chamber pressure, and combustion gas temperature. In order to meet the proper range of test conditions, parametric studies were conducted to confirm the effect of the gaseous oxidizer flow rate, nozzle diameter, test time, and fuel composition on motor operating characteristics. 17) Based upon the results of the parametric studies, an experimental hybrid rocket motor was designed. Figure 2 shows the hybrid rocket motor used in this study. It consisted of a GOX injector, a spacer, a grain, a chamber case, an aft mixing chamber, and a nozzle. The fuel grain was made of HTPB with a single port of 25 mm in inner-diameter and 420 mm in length. The spacer, which was made of a fiber-reinforced ablative materials tube of 50 mm in length, was adopted to prevent remarkable regression of the fuel at the leading edge because of direct GOX impingement. The aft mixing chamber, which was also made of a fiber-reinforced ablative materials tube of 100 mm in length, was adopted to promote combustion. The operating chamber pressure in the motor was partially controlled using interchangeable graphite exit nozzles. The throat diameter of the nozzle (D t ) was 5.8 mm, 8.7 mm, or 11.5 mm, and its expansion ratio was 4.0 for p c ¼ 2 MPa. p c was measured in the aft mixing chamber at the nozzle entrance. The main body of the motor was constructed of stainless steel and weighed approximately 78 kg. The motor has an overall length of 800 mm, and diameter of 115 mm.
Ignition system
The ignition system consisted of a pair of high-pressure gaseous oxygen/RP-1 pre-mixed torch. Figure 3 shows the RP-1/GOX torch. Spark plug ignition was used to activate the torch, particularly for multiples starts. Flashback arrestors were used to prevent the occurrence of flame flashback in the pre-mixed sections of the ignition line. 17) Remotely operated ball valves were used to control the flow of oxygen and RP-1. Gaseous nitrogen was used to purge the ignition system after each test.
Measuring instruments
Thrust-measuring components included leaf springs, a flexible universal joint and a thrust meter.
18) Through a flexible universal joint, the movable frame was connected to a thrust meter (BLR-12, Hefei Zhongya Sensor Limited Company), with a maximum range of 1000 N. While the experimental motor was set on the test bench as shown in Fig. 4 , an in-situ calibration device on the front of the stationary frame was used to exert standard thrusts for calibration of the thrust meter before and after testing, which helped to maintain precision in thrust measurements. As for the pressures in the motor and along the flow passages, a maximum value of 5 MPa was measured using piezoresistive pressure transducers (PT301, Hefei Zhongya Sensor Limited Company). For pressurized RP-1 supply, upstream pressures up to 5 MPa of nitrogen were available to be adjusted for the required flow rates.
Test schedules
The various parameters for this study are presented in Table 1 . Each test run included the following steps. By setting the oxygen ball valve opening, a constant supply of pressurized of GOX was maintained using the upstream sonic orifice. After the flow became steady, the pre-mixed torch was initiated. After the desired burn time in quick successions, the GOX supply was shut off and the nitrogen purge was opened to extinguish combustion. The test measurements were the flow rate, thrust and pressures. The other pre-and post-test measurements were the fuel density, atmospheric temperature, initial and final nozzle throat diameters, and the initial and final fuel grain masses and dimensions. For each test, the desired GOX mass flow rate was obtained by choosing the appropriate sonic nozzle throat and its upstream pressure.
Data reduction
With respect to time, the measured values of the thrust and pressure in the torch chamber and aft mixing chamber were available. As the flow Mach numbers at points above the pressure measurements were very low (<0.1), the values were taken as the stagnation ones. 16) 
Combustion efficiency
Combustion efficiency was used to evaluate the overall motor performance here. Combustion efficiency is an important indicator of the motor ability to utilize heat energy. It has been defined differently by various investigators. In this study, the characteristic velocity of the hybrid rocket motor was adopted to calculate its combustion efficiency. An experimental characteristic velocity and combustion efficiency were given by 18) where p c was the aft mixing chamber pressure, A t was the throat area of the hybrid rocket motor nozzle, q ox and q f were the mass flow rate of the gaseous oxygen and fuel, c Ã and c Ã th indicated the experimental and theoretical characteristic velocities of the combustion products of hybrid combustion chamber, and c Ã was the combustion efficiency of the hybrid combustion chamber.
Spatially and time-averaged regression rate
The solid fuel regression rate is the rate of fuel depletion from the surface of the fuel grain during combustion, measured in mm/s. Spatially and time-averaged regression rate was calculated by, r rðt; LÞ ¼
where r rðt; LÞ was the spatially and time-averaged regression rate in mm/s, m f 0 was the initial fuel mass, m fd was the final fuel mass, r p0 was the initial fuel port radius, l was the fuel grain length, & f was the fuel mass density, and t b was the burning time.
Spatially averaged instantaneous regression rate
The total time of hybrid combustion test to determine the rules of regression rate was much longer than the time of the extinguishing process or ignition process in chamber. In other words, there was no need to take into consideration of the effect of the N 2 purge gas generating pressure or the torch mass flow rate on the chemical reactions or the ignition phenomenon in the chamber. The spatially averaged instantaneous regression rate was deduced as explained in previous literature, 16) which is summarized in the following section.
The total mass flow rate through the hybrid rocket motor nozzle (q t ) was given by,
where c Ã eff was the effective characteristic velocity of the combustion products of hybrid combustion chamber and it was given by, 16) 
The fuel mass flow rate (q f ) was given by,
The following schemes were adopted to calculate the spatially averaged instantaneous regression rate, port diameter, and oxidizer mass fluxes.
Step 1. Assume a value for c Ã .
Step 2. Assume a value for 0. At instant time t i for the measured p ci and the assumed value of 0, calculate c Ã th using the chemical equilibrium code. c Ã eff is calculated from Eq. (5).
Step 3. q t is calculated from Eq. (4). q fi is calculated from Eq. (6) 
Step 6. Under the assumption of a quasi-steady state, the spatially averaged port diameter at the next time step is given by,
Step
Step 9. The total mass flux and oxidizer mass flux are calculated by dividing the respective mass flow rate by the corresponding port area.
Results and Discussion
Ignition and restart tests
A simple ignition method was used as mentioned above, and Fig. 5 shows the timing signals of starting or restarting the test. The torch was shut-off when hybrid combustion was achieved. The total time of torch operation was less than 0.5 s. Figure 6 shows the pressure histories in combustion chamber of the torch and hybrid rocket motor firing tests. In this test, HTPB grain was used, the initial nozzle throat diameter was 5.8 mm, and the mass flow rate of GOX was 0.028 kg/s. The initial jump in pressure at the beginning was caused by the start of GOX flowing through the supply line and into the torch and hybrid rocket motor. The torch was achieved at a time of approximately 2 s and flame began to spread over the solid fuel. The chamber filling process was finished within about 0.5 s, after which time the RP-1 valve was closed. The motor reached a quasi-steady state operating condition of about 2.15 MPa at about 2.5 s. During this period, the pressure in the chamber began to drop slowly due to the drop of regression rate. The GOX flow was shut off and the nitrogen purge was activated at about 5.5 s. During the shutdown operation, evidently due to the significant nitrogen purge mass flow rate contributing to the total flow, the chamber pressure was about 0.2 MPa higher than the equilibrium chamber pressure after the GOX mass flow ceased. The total time of combustion for this run was about 3 s. The nitrogen purge gas supplied the remaining pressure in the aft mixing chamber (Fig. 6 ) after hybrid combustion was terminated, and the chamber pressure did not decrease to atmospheric pressure until the nitrogen purge gas was shutdown.
Practical hybrid rocket motor operation may include thrust modulation via oxidizer throttling and restart capability. 7) Some tests were conducted to investigate the restarting performance of the hybrid rocket motor. Figure 7 shows the pressure histories at the aft mixing chamber and the mass flow rate of GOX profiles for a restarting test. In this test, HTPB grain was used, the initial nozzle throat diameter was 11.5 mm, and the mass flow rate of GOX was 0.042 kg/s. The solid fuel was ignited and allowed to burn for 3 s, after which time the oxygen ball valve was closed. The pressure in the chamber then began to drop as combustion ceased. The motor was restarted by opening the oxygen ball valve and activating the RP-1/GOX torch after a shutoff time of 12 s. The burn time for the second portion of the test was 3 s. The pressure traces rose rapidly back to their earlier levels after restart, indicating rapid ignition. The number of times for multiple-start and time intervals can be regulated at random. Furthermore, no pressure oscillations were measured, indicating stable combustion. The overall solid fuel regression rate and O/F ratio were 0.57 mm/s and 2.43, respectively. If the interval between the two segments of the test was less than 2 s, reigniting was achieved by simply opening the oxygen ball valve and flowing oxygen into the combustion chamber, and without activating the RP-1/GOX torch. It appears that the solid fuel surface remained hot enough during the shutdown interval to reestablish combustion, and no other ignition source was required. Compared with Fig. 6 , a bigger nozzle throat diameter was used in the restarting test, and the pressure in the aft chamber was lower. During torch operation, evidently due to the significant torch mass flow rate contribution to the total flow, the chamber pressure was about 0.5 MPa higher than the equilibrium chamber pressure. 3.2. Regression rate correlation with operating conditions A summary of the test results for HTPB grain, which was defined in Table 1 , is presented in Table 2 . All the operating parameters in Table 2 are the average experimental values during each test. Figure 8 shows the pressure in the aft mixing chamber and mass flow rate of GOX profiles versus time during Test 07. Figure 9 shows the deduced spatially averaged instantaneous regression rate, mass flux of GOX, and total combustion gas versus time during Test 07. The regression rate was relatively high at the start of the test, but decreased continuously over time after attaining a peak value. The time variation in the deduced spatially averaged instantaneous regression rate is quite consistent with the time variation for GOX mass flux and total combustion gas, which is relatively high at the start of hybrid combustion since the fuel grain port area is relatively small. The initial peak and oscillations in the deduced spatially averaged instantaneous regression rate could be caused by fuel metallic oxide particle deposition and falling off at the nozzle.
The integrated total fuel mass consumed before instant time t i can be given by
where r pi is the fuel port average radius at instant time t i . The spatially and time-averaged regression rate before instant time t i can be given using Eq. (3). r rðt; Figure 10 shows the deduced spatially averaged instantaneous regression rate and spatially and time-averaged regression rate before instant time t i versus time during Test 07. These two ways to calculate the regression rate fit well in the trend with time. Additionally, the former can more precisely describe the fuel combustion process. Figure 11 shows typical time variations for oxidizer-fuel ratio, mass flow rate of GOX and fuel during Test 07 using the analysis. According to Fig. 9 , mass flux mostly decreases over time due to the increase in corresponding port area. On the other hand, the oxidizer-fuel ratio mostly increases with respect to time because the GOX mass flow rate into the motor remains constant during the test while the overall fuel rate into the combustion port mostly decreases due to the decrease in mass flux. As the oxidizer-fuel ratio mostly increases during the test, hybrid rocket motors don't work at the optimal oxidizer-fuel ratio, which can induce a loss of specific impulse. Therefore, how to maintain the oxidizerfuel ratio at the optimum constant during the test is very important for a practical hybrid rocket motor. Spatially and time-averaged regression rates were calculated for each test using Eq. (3). The regression behavior of all five of these grains agrees with the classical hybrid regression law. For each fuel, regression rate versus gaseous oxygen mass flux G ox or total combustion gas mass flux G was plotted on a log = log scale. These data points for each fuel were fit to the equation,
where the unit of regression rate is mm/s and the unit of mass flux is kg/m 2 Ás. The results of these fits are presented in Table 3 . As shown in Table 3 , the regression rate varied with the mass flux to the power of about 0.84 instead of the theoretical 0.8 for turbulent flow over a flat plate. This finding indicates that the measured regression rates were significantly influenced by some type of non-convective process, such as radiant heat flux. Other factors such as oxidizer-fuel ratio and motor pressure can also influence regression behavior, but these effects are not included in the correlation. As shown in Table 3 , the addition of alloyed Al-Mg or nano-Al addition to the fuel can enhance the regression rate. The effect due to the latter is the most significant.
The main rationale of regression enhancement by adding nano-Al was that, for such small-sized particles with a dramatically increased surface to volume ratio, low-temperature oxidation processes governed by heterogeneous surface reactions are accelerated. 19) This process controls the time required for the particle temperature to increase enough so that self-sustaining combustion begins. Thus, shorter ignition delays were expected to be achieved. Further, it was expected that the burning time for nano-Al particles much would be shorter than large particles. However, the large volume and mass fraction of such materials is inert because the thickness of the surface oxide layer preventing Al from oxidation during handling and storage is not reduced for finer particle sizes. This oxide thickness is about 3-5 nm, and while the respective mass or volume fraction of oxide for micron-sized powder is negligible, it becomes on the order of tens of percent for nano-Al, which shows the combustion heat of nano-Al decreases as active aluminum content decreases. Finally, it was recently established that nanoAl may not burn in a regime similar to that observed for coarser particles; in particular, the combustion temperature can be quite low, which may not be desirable for many applications. Thus, it is understood that, for many applications, it is desirable to reduce metal fuel ignition delays while preserving the particle size distributions of the metal powder ingredients.
One related approach to reduce the ignition delay of aluminum fuel ingredients is to replace pure Al with a compound which ignites more readily. Specifically, mechanically alloyed Al-based powders were investigated recently. The mechanism of regression enhancement by the addition of alloyed Al-Mg was that such alloys can ignite at lower temperatures substantially as compared to pure Al or Mg. 19) It was further shown that the particle burning rates are higher than those for similarly sized Al or Mg particles. The accelerated ignition was due to the metastable nature of the mechanically alloyed powders so that, upon heating, more stable phases were formed. The equilibration reactions resulted in a (small) heat release which boosted the particle temperatures and their oxidation rates. Furthermore, the surface oxide layers were modified so that their diffusion resistance was reduced, resulting in further accelerating heterogeneous oxidation.
Conclusion
In the present study, the regression rate enhancement of HTPB/GOX hybrid rocket motors was investigated experimentally in a ground testing system. The effects of the addition of nano-sized aluminum or alloyed Al-Mg powder to the fuel composition, mass flux of oxygen, and the oxidizer-fuel ratio on fuel regression rate are presented.
1) The experiments show that multiple-start and shutdown can be realized using gaseous oxygen/RP-1 premixed torch designed in the present study. And the number of times and time intervals can be regulated at random. The fuel surface remained hot enough during the shutdown interval to reestablish combustion if the time of the motor shutdown is less than 2 s.
2) The deduced spatially averaged instantaneous regression rate and spatially and time-averaged rate fit well in the trend with time. The former way to calculate the regression rate can more precisely describe the fuel combustion process.
3) As the oxidizer-fuel ratio mostly increases during the test, the hybrid rocket motor doesn't work at the optimal oxidizer-fuel ratio, which would induce a loss of specific impulse.
4) With reference to the conventional theory, the regression rate depends on the mass flux G 0:8 . The present experimental results indicate that the exponent of the mass flux is significantly more than 0.8.
5) The addition of alloyed Al-Mg or nano-Al to HTPB fuel can enhance the regression rate. The effect due to the latter is the most significant. 
